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Abstract. The present study emphasizes understanding the crack propagation in layered structures under

dynamic loading conditions when the property jumps occur across the crack front. Layered plates were made by

joining polymethylmethacrylate (PMMA) and epoxy sheets using an epoxy-based adhesive (Araldite). Single

edge notched (SEN) specimens were subjected to dynamic loading using a modified Hopkinson bar setup. An

array of strain gauges installed on surfaces of specimen was used to record the strain history in the layers during

crack propagation from which the dynamic stress intensity factor (SIF) during crack propagation was evaluated.

Photographs of the propagating crack front were also simultaneously captured using a high-speed imaging

camera to obtain the crack tip location history in each layer.
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1. Introduction

Layered structures are widely used in applications such as

heavy armor, thermal protection systems, and windshields.

Using layered materials, properties of individual layers can be

controlled and required properties can be imparted to the

overall structure. The fracture behavior of these structures is

complex due the presence of sharp interfaces in the structure.

Many previous authors have studied the fracture behavior of

layered materials especially the bi-materials systems [1–13].

The dynamic behavior of cracks running either along the

interface or across the interface has been investigated using the

optical techniques such as photoelasticity, Moiré interferometry,

caustics and coherent gradient sensing. These techniques when

combined with fast-imaging techniques, gather detailed infor-

mation about mechanical fields near the tip of a propagating

crack. On the other hand, strain gauge methods have also been

used to investigate fracture under dynamic loading conditions in

various materials [14–16]. Subsequently the method of strain

gauges has also been used in composite materials to investigate

interfacial fracture under dynamic loading conditions [17–21].

Several numerical approaches have been also developed to treat

the layered plate problem under dynamic loading [22–25]. In the

existing studies of dynamic fracture of layered materials, crack

propagation is either along the interface or across the interface

and the properties are constant through the thickness of the crack

front. However, very few studies are available in which elastic

and fracture properties in a layered plate vary discretely through

the thickness of the crack front [26, 27].

In recent years, layered plate having jumps in both elastic and

fracture properties through the thickness of the crack front has

received considerable attention. Bankar and Parameswaran

[28] and Agnihotri and Parameswaran [29] examined respec-

tively the mode-I (opening mode) fracture and mixed mode

(mode-I and mode-II) fracture in epoxy–PMMA (E–P) and

PMMA–epoxy–PMMA (P–E–P) layered plates subjected to in-

plane bending. Recently, Agnihotri and Parameswaran [30]

investigated the dynamic fracture of layered plates using single

strain gauge and photoelasticity method. This study was limited

to the evaluation of crack initiation toughness and crack prop-

agation toughness in a lesser stiffness layer i.e., epoxy only. In

this study, the same type of layered structures i.e., E–P and P–

E–P is reexamined using three strain gauges on either side of the

plate and the dynamic stress intensity factor (DSIF) histories

during crack propagation have been evaluated for both the

layers i.e. epoxy and PMMA. The layered system consisted of

two different polymers: epoxy (LY556) and PMMA [28–30].

Dynamic SIF has been evaluated using the strain histories

recorded during crack propagation and simultaneously crack

propagation images were also captured using a high-speed

camera. The details of the work are presented in section 2–4.

2. Experimental details

2.1 Specimen preparation

Single edge notched (SEN) specimens of size 225 mm 9

50 mm were prepared by first joining epoxy sheets of size

1
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250 mm 9 75 mm 9 5.8 mm and PMMA sheets of size

250 mm 9 75 mm 9 5.5 mm using an Araldite and then

machined out to the required size (225 mm 9 50 mm).

Both sheets are transparent, allowing one to clearly observe

the fracture path during crack propagation in either of the

layer of the layered plate. PMMA sheets of nominal

thickness 5.5 mm and 2.7 mm were commercially pro-

cured. Epoxy sheets of nominal thickness 5.8 mm were cast

in-house. The details of the casting process of epoxy sheets

and then bonding with PMMA sheets were reported in

[28–30]. Plates were having two different configurations as

shown in figure 1. In the first configuration, referred to as

E–P plate, a single layer of epoxy was bonded to a single

layer of PMMA. In the second configuration, referred to as

P–E–P plate, a single layer of epoxy was sandwiched

between the two layers of PMMA of nominal thickness

2.7 mm. Both configurations, therefore, had the same total

thickness. In a layered plate, a notch was introduced using a

saw, and a natural crack was lengthened by forcing a sharp

razor blade into the root of the notch. The measured elastic,

fracture and optical properties of epoxy and PMMA are

given in table 1.

2.2 Experimental set up for dynamic fracture

An array of strain gauges was mounted at an obtuse angle

and above the x-axis (crack line) of specimens, as shown in

figure 1. As discussed in [31], strain gauges at an obtuse

angle are much sensitive than the acute angle in providing

the crack tip position from the strain profile. Six strain

gauges, three on either side of the E–P plate, were mounted

at an angle (b = 121�) to the positive x-axis and located at a

vertical distance of 6.93 mm from the x-axis and 4 mm

apart from each other (figure 1). Specimens were tested at

various loading rates. Crack length to width (a/w) ratio

(0.3) was kept fixed for all experiments. A modified

Hopkinson bar setup shown in figure 2 was used to load the

specimens. The set up consists of a loading bar and striker

bar made of polycarbonate. The length and diameter of the

loading bar were 3070 mm and 12.5 mm, respectively. The

length of the striker bar was 395 mm. The real-time digital

images of high-speed fracture process were recorded using

SIM02-16 high-speed camera (specialized imaging Ltd.,

UK, max. framing rate – 200 3 106fps, 1 MP fixed reso-

lution) or photron camera (PHOTRON USA, INC.) based

on the framing rate and image resolution requirements. The

photron camera can be used with variable image resolution

from 96 3 96 pixels (max. frame rate – 675,000 fps) to

1024 3 1024 pixels (max. frame rate – 5400 fps). The

camera was oriented in such a way that the images of the

crack growth in the layered plate can be easily visualized.

In experiments, the striker hits the bar and subsequently,

the incident and reflected wave travels back and forth

through the length of the bar after striking the specimen.

The wave signals of the bar were recorded using the strain

gauges mounted at the mid-length of the bar. The strain

signals were conditioned using strain conditioner (Ectron

563) and recorded using a NI-PCI 6115 data acquisition

card at a sampling rate of 1 MHz. The triggering sequence

is indicated in figure 2 (i.e., Bar strain gauges to an oscil-

loscope to high-speed camera to data acquisition system).

After setting appropriate initial delay time, a set of

images were captured by the camera at framing rates of 105

fps or 1.5 3 105 fps during the crack propagation in the

layered plate. The xenon flash lamps used for illumination

were slave triggered by the high-speed camera. Monitor

signals from the camera were also recorded to synchronize

the images with the Hopkinson bar signals.

2.3 Dynamic crack propagation toughness
evaluation

A three-term representation of the strain field for a moving

crack can be written as [31],
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the crack speed, cl and cs are the dilatational and shear

wave speed in the material respectively and q is the density
Figure 1. Three-point bend specimen geometry.
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of the material. q1 and q2 are

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ ðk1yÞ2

q
andffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ ðk2yÞ2
q

respectively. In Eq. (1), g0 the term corre-

sponding to D0 will vanish if the gauge orientation is such

that

cos 2a ¼ �j ð2Þ

Equation 2 provides two values of angle a for a given

material; one will be an acute angle and the other obtuse

angle. As discussed in [31], the choice of an obtuse angle

provides definite signature for determining the crack tip

location directly from the strain profile. In addition,

gauge located at an obtuse angle provides better sensi-

tivity than the acute angle. In the current study, an obtuse

angle configuration was used to measure the peak strains

when the crack tip is directly below the gauge. As shown

in figure 1, six strain gauges, three on either side of the

E–P plate, were oriented at an angle (a = 121�) to the

positive x-axis and located at a vertical distance of

6.93 mm from the x-axis and 4 mm apart from each

other. In P–E–P plate, three strain gauges were installed

on the PMMA surface.

For the considered configuration when the crack tip is

directly below the gauge, the DSIF (K1D) from the peak

strain can be evaluated using Eq. (3) [31].
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In deriving Eq. (3) from Eq. (1), only r�1=2 term (cor-

responding to C0) is considered to evaluate the DSIF and

the effect of r1=2 term (corresponding to C1) is neglected.

However, in most of the specimen geometry, the term

corresponding to C1 influences the magnitude of the peak

strain and the spread of the strain signal and cannot be

ignored to estimate the DSIF. A revised procedure similar

to that employed by Sanford et al [15] is employed here to

correct the estimation of DSIF. Equation 1 can be written in

modified form as

2leg

C0

¼ f0 þ
C1

C0

f1 ð4Þ

For the chosen values of a (121�), the response of the

gauge was obtained from Eq. (4). Figure 3 shows the

modified strain (2leg

�
C0) as a function of position for

selected values of (C1=C0). It can be observed that the peak

value of strain strongly depends on C1=C0(*40%). How-

ever, the position of the peak strain differs slightly from the

gauge position except for C1 ¼ 0. From figure 3, the range

of x (gauge position) or equivalent time duration for which

the strain is greater than 75% of peak strain was extracted

for different values of C1=C0. A master curve was gener-

ated between equivalent time duration ðDtÞ3=4 and different

ratios of C1=C0, as shown in figure 4. The ðDtÞ3=4 corre-

sponding to experimental strain signal was used to extract

the ratio C1=C0 from the master curve. The ratio C1=C0 was

used in Eq. (4) to determine the value of C0 from which

DSIF, KID ¼ C0

ffiffiffiffiffiffi
2p

p
was estimated.

Table 1. Properties of materials used [30].

Material

Elastic Modulus

(GPa)

Poisson’s

ratio

Fringe constant (MPa-

m/fringe)

Fracture toughness

(MPa-Hm)

Dilatational wave

speed (m/s)

Shear wave speed

(m/s)

PMMA 2.67 0.34 0.240 0.95 ± 0.11 2630 1280

Epoxy 4.16 0.35 0.018 0.67 ± 0.09 2600 1220

Figure 2. Modified Hopkinson bar set up.
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2.4 Determination of dynamic load point force
and velocity

As shown in figure 2, two diametrically opposite strain

gauges were installed at the mid-length of the loading bar to

avoid the bending strains in the bar. Strain signal, recorded

at mid length of bar, cannot be considered as experimental

strain at the end of the bar due to dispersion and attenuation

effects of wave propagation in viscoelastic material.

Authors have investigated these effects and proposed sev-

eral methods to correct the strain signal at the end of the bar

[32–36]. In the current study, the method advised by Bacon

[34] and implemented in Varshney [37] was used to cal-

culate the experimental strain at the end of the bar. An

impact test using a steel spherical projectile of 9 mm was

performed and incident (ei) and reflected strains (er) signals

were recorded at the center of the bar. The transfer function

HðxÞ was then obtained as

HðxÞ ¼ � �erðxÞ
�eiðxÞ

ð5Þ

where �eiðxÞ and �erðxÞ are the Fourier transforms of ei and

er, respectively. Attenuation coefficient aðxÞ and phase

velocity cðxÞ were then calculated from the amplitude and

phase of the transfer function following Bacon [34] as

aðxÞ ¼ � logðabsðHðxÞÞ
2d

ð6Þ

and

cðxÞ ¼ � 2dx
argðHðxÞÞ ð7Þ

where d is the distance from the center to the end of the bar.

The propagation coefficient was defined as

cðxÞ ¼ aðxÞ þ ix=cðxÞ. Complex Young’s modulus of the

bar (n) is related to the propagation coefficient as

n ¼ �qx2=c2 ð8Þ

where, q is the density of polymeric bar. The propagation

coefficient can be used to determine strain at any cross section

from the knowledge of strain at some other location and the

distance between two. A typical strain signals obtained in the

experiment after dispersion correction is shown in figure 5.

Significant attenuation in the strain signals can be noticed.

Force and velocity histories at the end of the bar are

calculated as (Bacon 1999),

�Fðd;xÞ ¼ �nAb eiðxÞe�cd þ erðxÞecd
� �

with Fðd; tÞ ¼ F�1ð �Fðd;xÞÞ; ð9Þ

And

�v d;xð Þ ¼ �ix=c eiðxÞe�cd � erðxÞecd
� �

with

v d; tð Þ ¼ F�1 �v d;xð Þð Þ:
ð10Þ

3. Results and discussion

As reported in [30], the time delay between crack initiations

in layered structures was affected by the impact velocity.

Subsequently, the SIF gradient and speed of the propagat-

ing crack was also affected by the impact velocity. This

requires the specimen has to be tested at different impact

velocities. Dynamic fracture experiments were conducted

at various loading rates by systematically varying the

impact velocity of the bar from 1.75 to 7.33 m/s. These

velocities were measured after firing the striker at different

pressure (lower to higher) and are not specific, only

ensuring the behavior reported in [30]. The strain histories

recorded at the mid-length of the bar were analyzed to

determine the force at the bar–specimen interface, as dis-

cussed in section 2.4. Figure 6 shows the variation of

Figure 3. Modified strain as a function of position.

Figure 4. Time parameter ðDtÞ3=4 versus coefficient ratio C1=C0.
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dynamic load-point force at different impact velocities of

bar. Square and triangle symbols indicate the epoxy and

PMMA crack initiation respectively in E–P plate. It was

observed that at low impact velocity (1.75 m/s) both epoxy

and PMMA crack initiate after reaching the peak force.

However, at high impact velocities (5.61 and 7.33 m/s), the

cracks in both layers initiate just before reaching the peak

force. Maximum load sustained by the specimens at various

impact velocities was 553, 1700 and 2320 N.

Experiments were performed to track the crack growth in

each layer by viewing the plate at an oblique angle.

Dynamic fracture behavior of each layer in layered plate

was investigated by measuring the strains on each surface

of the plate. In the following subsections, experimental

observations will be discussed.

3.1 Evaluation of dynamic SIF of epoxy–PMMA
(E–P) layered plate

As discussed in section 2.2, an array of three strain gauges

on either side of the layered plate was mounted at an obtuse

angle (figure 1) to evaluate the dynamic SIF under dynamic

loading. The specimens were tested at two different impact

velocities and corresponding strain histories are shown in

figure 7. As the specimen was impacted by the loading bar,

stress waves travel back and forth in the specimen and load

the crack tip in the layered structure. This increases the

strain on both sides (epoxy and PMMA) of the layered

plate. Once the crack starts propagating, the strain starts

decreasing with time due to change in stiffness of the

material. The time axis in figure 7 indicates the time of

instantaneous crack tip position. Simultaneously the images

of the crack growth were also captured using Photron

camera. Crack lengths when the crack tip in each layer is

just above the strain gauge locations are measured and

plotted in figure 7. It can be noticed that strain in each layer

reaches maximum when the crack in each layer traverses

each gauge location. Figure 8 shows the stages of crack

growth in epoxy–PMMA layered plate at an impact

velocity of 1.75 m/s. Vertical line indicates the crack tip

position in epoxy layer and arrow indicates the crack tip

position in PMMA layer. The images were captured at a

time interval of 10 ls. In image #1 crack tips in both epoxy

Figure 5. Predicted incident and reflected strains at the end of

the bar.

Figure 6. Variation of dynamic load-point force at different

incident velocities.

Figure 7. Strain histories in the E–P plate during crack propa-

gation at various loading rates.
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and PMMA layer are at the same location. Image #2 and #3

corresponds to the instant at which the crack in epoxy and

PMMA layer extends respectively. Image #4, #5 and #6

corresponds to the instant at which the crack tips in epoxy

layer are just above the strain gauge locations. From images

#2 and #3, it can be noticed that the crack in epoxy layer

initiates first then followed by the crack in PMMA layer.

The delay in crack initiation in PMMA layer after the crack

extension in epoxy layer was observed to be 80–90 ls. It

can be observed that the crack front in epoxy layer is not

straight. Crack advances more near the interior of the plate

compared to locations near the interface. Crack advances

less near the interface due to the closing traction applied by

the un-cracked portion of the PMMA plate, resulting in an

asymmetric crack front profile. Similarly images were also

captured for an impact velocity of 5.61 m/s and 7.33 m/s at

an inter-frame timing of 7 ls and subsequently delay in the

crack extension in PMMA layer was observed to be 40 ls

and 13 ls respectively.

As discussed in section 2.2, the equivalent time duration

ðDtÞ3=4 from each strain signal and corresponding C1=C0

ratio from figure 5 is extracted and reported in table 2.

Crack in each layer extends through a series of jump and

arrest which affects the spreading of the strain signal and

subsequently ðDtÞ3=4 of each strain signal. In addition, this

ratio is affected by the impact velocity of the bar. At high

impact velocity, ðDtÞ3=4 is less than the ðDtÞ3=4 of low

impact velocity. Figure 9 shows the variation of DSIF (KID)

(open symbols) evaluated considering the C1 term as a

function of time. The variation of KID (dark symbols) with

C1 ¼ 0 is also plotted in figure 9. It was observed that the

KID is influenced by the C1=C0 ratio and cannot be ignored

to estimate the DSIF accurately. At low impact velocity, the

crack in epoxy layer propagates with KID equal to

0.52 ± 0.04 MPaHm, close to the fracture toughness of

epoxy layer (table 1). The crack in PMMA layer starts

propagating with KID equal to 0.97 MPaHm, close to the

fracture toughness of PMMA layer (table 1). However, it

decreases to the value 0.52 MPaHm, close to the KID of

epoxy layer as the crack propagates in PMMA layer. At

high impact velocity, KID in epoxy layer varies with the

gauge location due to spreading of the strain signals. KID at

gauge location 2 is 50% higher than the KID at gauge

location 1 and 3. Crack in PMMA layer propagates with

KID equal to 3.2 MPa Hm, 66% higher than the fracture

toughness of PMMA layer.

Figure 8. Stages of crack growth in PMMA-Epoxy layered plate (v = 1.75 m/s).
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3.2 Evaluation of dynamic SIF of PMMA–epoxy–
PMMA (P–E–P) layered plate

In this section, crack initiation and propagation behavior of

PMMA–epoxy–PMMA layered plate subjected to an

impact velocity of 1.75 m/s will be discussed. Four strain

gauges, one at an acute angle and three at an obtuse angle

were mounted on the PMMA surface of the specimen. The

specimen strain signals obtained from the acute angle and

obtuse angle gauge are shown in figure 10. Simultaneously

images of the crack growth were also captured at a time

interval of 7 ls. Crack lengths when the crack in PMMA

layer is just below the strain gauge, were also measured

from the images and plotted in figure 10. Similar obser-

vations were made as in E–P specimen. The time corre-

sponding to peak strain recorded by acute angle gauge is

close to the time at which crack in PMMA layer initiates.

The time corresponding to images when crack tip is directly

below the obtuse angle gauges is in good match with the

time corresponding to peak strains with an uncertainty

of ± 7 ls. The delay in the crack initiation in PMMA layer

after the crack extension in epoxy layer was reported as

40 ls. As the epoxy layer is sandwiched between the two

PMMA layers, symmetric crack front profile in epoxy layer

was observed as shown in figure 11. Vertical line indicates

the crack tip in epoxy layer and arrow indicates the crack

tip in PMMA layer. Figure 12 shows the crack tip location

history in P–E–P plate. Crack in epoxy layer moves with a

speed of 50 m/s before the crack initiation in PMMA layer.

Once the crack extends in PMMA layer, crack in both

epoxy and PMMA layers run with a speed of 123 m/s. As

discussed in section 2.2, the equivalent time duration

ðDtÞ3=4 and corresponding C1=C0 ratio are extracted from

strain signals and reported in table 3. Figure 13 shows the

variation of SIF with time for both acute and obtuse angle

Table 2. Equivalent time duration and corresponding C1/C0 ratio for the epoxy–PMMA layered plate

v = 1.56 m/s

EP PMMA

1 2 3 1 2 3

(Dt)3/4(ls) 53 47 41 44 45 38

C1/C0 -46.99 -68.35 -89.79 -79.07 -75.5 -100.51

v = 5.61 m/s

EP PMMA

1 2 3 2 3

(Dt)3/4(ls) 51 34 34 28 27

C1/C0 -54.06 -114.8 -114.8 -136.23 -139.81

Figure 9. Variation of DSIF with time in E–P plate.

Sådhanå (2020) 45:136 Page 7 of 10 136



orientation. In figure 13, solid filled and open triangle

symbols indicate the SIF without considering the effect of

C1 (C1 = 0) and with considering the effect of C1 respec-

tively. KI evaluated using acute angle gauge signal varies

linearly with time and maximum value of KI corresponds to

the crack initiation toughness of PMMA layer which is

lower than the fracture toughness of PMMA layer. KID

evaluated using obtuse angle gauge signal varies with the

gauge location. KID at gauge location 2 is 37% higher than

the KID at gauge location 1 and 2.

4. Summary

In this study, dynamic SIF of an edge cracked layered

plates having property jumps across the crack front has

been evaluated. Layered structures made of epoxy and

PMMA and having same initial crack length were subjected

to mode-I dynamic loading. Crack propagation toughness

has been estimated by mounting the strain gauges on the

specimens at an obtuse angle configuration. A high-speed

camera is used to view the crack surfaces in each layer of

the layered plates. Experiments were performed on both

two-layer and three-layer configuration at different impact

velocities. In two-layer configuration, a noticeable delay in

crack initiation in PMMA layer after the crack extension in

epoxy layer has been found at low impact velocity. How-

ever, at high impact velocity the delay has been signifi-

cantly reduced. While comparing the two-layer and three-

layer configuration at the same impact velocity, the delay

observed in three-layer configuration is almost half the

delay observed in two-layer configuration. This is due to

the crack in epoxy layer arrest from both sides by PMMA

layer in three-layer configuration. In both layered configu-

ration, two crack speeds were observed in epoxy layer

before and after the crack initiation in PMMA layer. Before

the crack extension in PMMA layer, the speed of the crack

in epoxy layer is slower than the speed after the crack

Figure 10. Strain histories in the P–E–P plate during crack

propagation at v = 1.75 m/s.

Figure 11. Image during crack growth in P–E–P plate.

Figure 12. Crack-tip location history in the P–E–P plate at

v = 1.75 m/s.

Table 3. Equivalent time duration and corresponding C1/C0 ratio

for the PMMA–epoxy–PMMA layered plate

v = 1.56 m/s

1 2 3

(Dt)3/4(ls) 45 36 39

C1/C0 -75.5 -107.65 -96.94

Figure 13. Variation of SIF with time in P–E–P plate.
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extension in PMMA layer. It was observed that there are

two critical loads, one at which the epoxy layer crack starts

extending and the other at which PMMA layer crack starts

extending. The critical SIF in epoxy layer at the instant of

crack initiation is close to static fracture toughness of epoxy

layer. However, the critical SIF in PMMA layer at the

instant of crack initiation is slightly lower than the static

fracture toughness of PMMA layer. At low and high impact

velocities the crack in epoxy layer propagated at critical

SIF which is close to the static fracture toughness of epoxy

layer. However, in PMMA layer at low impact velocity

crack starts propagating with critical SIF close to fracture

toughness of PMMA layer and as the crack propagates in

PMMA layer, the critical SIF decreases and becomes close

to the static fracture toughness of epoxy layer before the

final failure of the specimen. At high impact velocity, crack

in PMMA layer propagates at critical SIF which is signif-

icantly higher than the static fracture toughness of PMMA

layer.
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